We have studied the structure of monolayers of iron on a Cu(001) substrate. By means of molecular-dynamics simulations in combination with embedded-atom potentials for the description of the interactions between the atoms, we have investigated the growth of bcc domains in the iron film with decreasing temperature. It turns out that the bcc domains become larger with decreasing temperature, but even at lowest temperatures there remains a significant amount of fcc iron. In contrast to this, cylindrical iron islands transform nearly completely to the bccstructure at low temperatures. This different behavior is discussed in the frame of experimental deposition techniques which strongly influences the final structure of the grown films.
Introduction
Many experiments have been made on ultra-thin iron films on copper substrates, because it is possible to grow iron in the fcc structure at room temperature on Cu(001) substrates. These experiments show that with increasing thickness the iron film begins to transform to the bcc structure which is the bulk equilibrium-structure of iron at room temperature and below.
1,2 Experiments also reveal that the decrease of temperature can lead to structural changes from fcc to bcc in the iron film.
3 Recent experiments of Kirschner et al. 4 show that there is a significant difference between the structure and magnetic properties of iron films grown by means of thermal deposition (TD) and pulsed-laser deposition (PLD). They found that films grown by PLD are more stable in the fcc structure than films grown by TD. Whereas PLD grown films show layer-by-layer growth, TD grown films show rougher surfaces with islands of 6 nm to 40 nm in diameter. We present here results of molecular-dynamics simulations of a perfect 15 monolayer (ML) iron film on a Cu(001) substrate. We cooled down the film from room temperature to 1 K. Furthermore we show results of a 15 ML high cylindrical iron island on a Cu(001) substrate.
Method

Model
The method of molecular-dynamics (MD) simulations which we used in this work, is based on the numerical solution of Newtonian equations of motion for a coupled system of atoms. In a way this method is like a microscope with atomic resolution with which one can follow the atomic movements on the fs to ps scale. The potential which is used to describe the interatomic forces, plays an important role for the reliability of such simulations. In this paper we used the embedded-atom method (EAM) proposed by Daw and Baskes in 1984. 5, 6 In the EAM the atoms are supposed to be embedded in the electron density of the surrounding atoms, on which the so-called embedding energy depends. To the embedding energy an ordinary two-particle term, in this case a screened Coulomb-potential, is added so that the total energy of the system can be written as:
where the indices i and j denote individual atoms; α i , α j = Fe, Cu refer to the species of the corresponding atoms, and r ij is the distance between atoms i and j. The function F αi is the embedding energy of atom i depending on the electron density of the surrounding atoms,
which is the sum of the individual contributions ρ at αj of all atoms j except i. The second term corresponds to a screened Coulomb potential with effective charges Z αi .
In our simulations the functions F αi and Z αi are represented by cubic spline functions. These spline functions have been fitted to the experimental data of lattice constant, cohesive energy, vacancy formation energy, elastic constants and some phonon frequencies of the elements iron and copper. Details of these calculations and the parameters of the resulting functions for iron can be found elsewhere. 7 It should be noted that in the case of bulk iron our EAM potential is able to describe the structural transition from the bcc structure to the fcc structure with increasing temperature very accurately.
Simulation procedure
We apply periodic boundary conditions to our simulation cell except for the z-direction. This allows to simulate a film-like system with two free surfaces, whereby the copper surface at the bottom of our system is not of interest in this work. Furthermore we used the Nosé-Hoover thermostat in order to control the temperature and the Parrinello-Rahman scheme to allow the simulation cell to change its size and shape.
9, 10 We integrated Newtonian equations of motion numerically by using the velocity Verlet algorithm 8 with a time step of 1.5 fs. Results are based on the mean atomic configurations. In order to distinguish between fcc and bcc structure in the simulations, we made use of the different coordination number in the fcc and the bcc lattice. Simulations have been made for two types of cells described below (see also Fig.1 ).
Complete iron film
In this case our simulation cell is cubic and contains approximately 40000 atoms initially arranged on a fcc lattice, whereas the uppermost 15 ML are Fe atoms and the other atoms are Cu. In order to take into account the fact that in a real growth process the occurrence of defects is inevitable, we allow for 2 percent vacancies in the whole system. Starting the simulations at room temperature, we cool down the system to 1 K in steps of 5 K making runs with a length of 0.375 ps for each temperature.
Iron island
Here we chose a simulation cell which contains approximately 60000 atoms with fcc structure arranged in such away as to have a 15 ML thick cylinder of iron atoms with a diameter of 7.5 nm on the copper substrate. In this case the system is simulated at a temperature of 50 K for 20 runs each over a time interval of 0.45 ps.
Results
When cooling the complete iron film from 300 K to 1 K, the amount of bcc structured atoms in the iron film increases. Figure 2 shows the structure of the iron film slice-wise at 150 K and 1 K, where the blue color marks the regions with bcc structure, whereas orange is used for the fcc structure. It should be mentioned that the surface atoms in this case are always regarded as bcc atoms because of their low coordination number. At higher temperatures fluctuations of bcc nuclei can be observed as well as the formation of stable bcc nuclei which are pinned at the initial defects. At higher temperatures there is no special preference for the nuclei being near the surface (left upper slice in Fig. 2 ) or near the copper substrate (left lower slice in Fig. 2 ). At lower temperatures there is a growth of some preferred nuclei and the amount of bcc structured atoms decreases coming closer to the copper substrate which is shown in the right panel of Fig. 2 . The transformation from fcc to bcc in the iron film is not complete even at lowest temperatures due to lateral stresses in the iron film. This leads to a very rough bcc-fcc interface which might have fractal properties. In Figure 3 the structure of the cylindrical iron island is shown slice-wise for a temperature of 50 K. In contrast to the previous case now practically the whole iron island transforms to the bcc structure which is again marked by blue color. In this case only the layers close to the copper substrate retain their fcc structure due to lattice adaption in the first layers close to the substrate. Here the lack of lateral stresses, as compared to the previous situation, leads to the more pronounced fcc to bcc transformation with a more or less plane fcc-bcc interface. Just as for the case of the iron film 12 we observed twinned bcc-Fe in the Pitsch orientation to the copper substrate. 
Summary and Discussion
The investigation of a 15 ML iron film on Cu(001) by means of moleculardynamics simulations has shown, in agreement with experiments, that the amount of bcc-Fe increases with decreasing temperature. We observed fluctuations of bcc-nuclei as well as pinned bcc-nuclei which grow and form domains when decreasing the temperature. For the simulated iron island of cylindrical form we found that, in contrast to the iron film, nearly the whole island transforms to the bcc structure at low temperatures. The question is what provokes the difference in the simulations between the film and the island and how does this behavior compare with experimental findings? Kirschner et al. 4 observed that iron films grown by PLD show a layer by layer growth which leads to a more or less flat surface, whereas iron films grown by TD methods show a more structured 3D-island like surface. These experiments reveal that the flat iron film is more stable in kadau: submitted to World Scientific on July 30, 2001 Figure 3 . The structure of an iron island shown slice-wise: Nearly the whole island has transformed into the bcc structure (blue). The bottom layers close to the copper substrate are still in the fcc structure (orange). The Cu substrate is not shown in this figure. the fcc structure than the structured iron film. We initiatively conclude that in the experiments the lack of lateral stresses in the 3D-island growth regime leads to a more pronounced fcc to bcc transformation.
In both types of simulation -for the iron film and the iron islandwe found a significant amount of fcc-structured atoms close to the copper substrate. Keune et al. investigated the structure of the 8 layers close the copper substrate in a 42 ML iron film at room-temperature using Mössbauer spectroscopy. 13 They observed that about 25 percent of these layers retain their fcc structure due to the stabilizing feature of the underlying substrate. Our simulations essentially confirm this picture and show two types of possible distributions of the fcc-structured atoms: The first one is a rough bcc-fcc interface as observed for simulations of the iron film, the second one is a more flat bcc-fcc interface as observed for simulations of cylindrical iron islands.
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